Introduction {#s0001}
============

The number of approved antibody-based therapeutics is constantly growing, and most of these are IgG1 monoclonal antibodies (mAbs). The biological activity of therapeutic IgGs is determined by two independent mechanisms: antigen recognition and Fc-mediated antibody effector functions, i.e., antibody-dependent cell-mediated cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC).[@cit0001]

The N-glycans attached to the constant region (Fc) of an antibody have been demonstrated to be important for interaction of antibody with FcγRs and complement activation. The Fc-incorporated sugar is generally of the biantennary complex type, and consists of heptasaccharide comprising four N-Acetyl-Glucosamine (GlcNAc) and three mannose (Man) residues, and can be further varied by addition of galactose (Gal) and fucose (Fuc) residues as well as sialic acid (Sia, or N-acetylneuraminic acid, NANA, in human or *N*-glycolylneuraminic acid, NGNA, in mouse). The first GlcNAc is attached to the Asn297 of the IgG CH2 domain and might be carrying or lacking a Fuc in a α1--6 linkage. Additional variations can be introduced by attachment of bisecting GlcNAc β1--4 ([Fig. 1](#f0001){ref-type="fig"}). Such an N-linked oligosaccharide is referred to as a complex type oligosaccharide. In addition, two further general sugar types can be classified, namely a high-mannose or oligomannose and a hybrid type. All three types share a common trimannosyl core structure composed of pentasaccharides (GlcNAc2Man3). In the high-mannose type only mannose binds to the both non-reducing ends of the core structure. The hybrid type is characterized by presence of both high-mannose and complex structures on the either branch of the core structure.[@cit0008] Figure 1.Composition of a complex oligosaccharide attached to IgG Fc. A: The glycan is covalently linked to asparagine 297 of the heavy chain (EU numbering, according Kabat et al.[@cit0053]). GlcNAc, N-acetylglucosamine; Man, mannose; bisec. GlcNAc, bisecting N-acetylglucosamine; Gal, galactose; Neu5Ac, N-acetyl-neuraminic acid; Fuc, fucose. β1,4 etc.: glycosidic bond. G0, G1, G2: complex type glycan comprising zero, one or two galactose residues added to the core structure. B: Comparison of wild-type and pre-glycoengineered N-glycosylation in CHO cells. High mannose N-glycans will be transferred from the ER to Golgi apparatus by vesicular trafficking. In wild-type CHO cells the Man-II processed glycans are linked with fucose to the proximal GlcNAc of the glycan core structure by alpha-(1,6)-fucosyltransferase 8 (FUT8). In pre-glycoengineered CHO cells the overexpression of Man-II and GnT-III, which is not expressed in wild-type CHO cells, leads to formation of bisecting GlcNAc glycans. By that, the transfer of fucose by FUT8 is substantially reduced by bisecting GlcNAc glycans. The resulting a-fucosylated N-glycans are more potent for inducing antibody-dependent cell-meditated cytotoxicity (ADCC) than fucosylated glycans.

The composition of the Fc-oligosaccharide determines the affinity of the IgG to different receptors and modulates the immune response by preferential interaction with either activating or inhibitory receptor type.[@cit0009] However, in terms of clinical efficacy of therapeutic antibodies, the absence of core fucose in the Fc-attached oligosaccharide plays the most prominent role. Such IgGs show up to 50-fold higher affinity to both FcγRIIIa and FcγRIIIb and, as a result, they have increased ADCC activity.[@cit0002] Thus, it is not surprising that several methods have been established to alter the glycosylation profile and to generate therapeutic antibodies with improved biological functions.[@cit0002] As of late 2017, two antibodies with engineered glycans have been approved for clinical use and about 20 others have entered clinical trials.[@cit0003]

All of the reported techniques are based on modification of the glycosylation pathway.[@cit0015] One of the approaches to obtain antibodies with low ratios of core fucose is production of the latter in mammalian expression cells with decreased α-1,6-fucosylation activity. For instance, Lec13, a CHO-derived cell line, was demonstrated to have a deficiency in the function of GDP-mannose 4,6-dehydratase (GMD; one of the enzymes responsible for conversion of GDP-mannose to GDP-fucose).[@cit0018] The YB2/0 rat myeloma cell line is another cell line used for the same purpose, as it was shown to have an impaired activity of α-1,6-fucosyltransferase (FUT8), which catalyzes the transfer of fucose from GDP-fucose to the GlcNAc in an α-1,6 linkage.[@cit0019] However, the unstable glycosylation profiles of these cell lines demonstrated that the partial inhibition of the activities of the respective enzymes was not sufficient for stable production of antibodies lacking core-fucose.[@cit0019]

It was also shown that application of siRNA to silence fucosylation-involved genes resulted in production of antibodies with lower fucose levels.[@cit0015] Zhou et al. reported that antibody expression in the presence of kifunensine, an inhibitor of α-mannosidase I (Man-I), which blocks N-glycan synthesis at the Man8GlcNAc2 (Man8) or Man9GlcNAc2 (Man9) stage, resulted in production of a-fucosylated antibodies, but the majority of the generated N-glycans were of oligomannose type.[@cit0022]

The HCL with knockout of the FUT8 enzyme, which were generated by targeted disruption of both FUT8 alleles, were demonstrated to deliver high yields of fully a-fucosylated antibodies.[@cit0023]

Production of antibodies with increased antibody effector function was also achieved by overexpression of β1,4-N-Acetylglucoseaminyltransferase III (GnT-III) in antibody-producing cells.[@cit0024] GnT-III catalyzes the transfer of GlcNAc to a core mannose residue in *N*-linked oligosaccharides via a β1--4 linkage, which results in the formation of a bisected sugar chain. Addition of the bisecting N-acetylglucosamine takes place early in sugar maturation process, and affects central reactions of the biosynthetic pathway, i.e., prevents later addition of the core fucose by α-(1,6)-fucosyltransferase (FUT8) and blocks conversion of hybrid to complex type glycans.[@cit0017]

Golgi α-mannosidase II (Man-II) is another enzyme involved in glycoengineering of therapeutic antibodies. Man-II catalyzes the removal of mannosyl linkages of GlcNAcMan5GlcNAc2 and is one of the early enzymes involved in complex oligosaccharide synthesis. Ferrara et al. show that overexpression of Man-II in addition to GnT-III delivered antibody product that is characterized by large amounts of bisected, non-fucosylated oligosaccharides.[@cit0013] The authors clearly obtained a high a-fucosylation ratio by this approach; however, the co-expression of the respective enzymes was achieved by transient co-transfection. Transiently transfected genetic material might get lost due to environmental factors or cell division, whereas stable expression of all proteins is necessary to retain the productivity and the level of a-fucosylated glycans over the manufacturing process.[@cit0026]

Recent studies reported that media conditions and composition has a significant effect on glycan species produced with CHO cell systems. Cell culture conditions like temperature, pH, and dissolved oxygen have been shown to significantly alter N-glycan structure (reviewed by Hossler et al.[@cit0027]). Low cell cultivation temperature leads to a reduction of branched structures, and sialylated glycans and decreased glycosylation were observed at low (\< 6.9) and high (\> 8.2) pH values.[@cit0028] Furthermore, it has been shown before that trace metals can modify glycosylation patterns when added to cell culture media. For example, addition of copper (II) chloride and manganese chloride have been shown to increase the sialic acid content and the level of Fc galactosylated species of a CHO-produced antibody, respectively.[@cit0030]

In this work, a robust CHO-K1 HCL adapted to growth in suspension in chemically defined medium and developed for standard therapeutic protein expression, was engineered for production of antibodies with enhanced Fc-mediated effector functions. Furthermore, specific modifications of the cultivation conditions and media composition substantially increased the level of favored a-fucosylated hybrid glycan species. In summary, this report describes an efficient pre-glycoengineered CHO HCL glyK1M stably expressing GnT-III and Man-II and a respective suitable production system for simple and efficient cell line development for glycoengineered antibodies.

Results {#s0002}
=======

Glycoengineering of CHO-K1 cells {#s0002-0001}
--------------------------------

For glycoengineering, CHO-K1 cells, adapted to growth in suspension in chemically defined medium, were stably transfected with an expression plasmid encoding for rat GnT-III (Mgat3 gene) and human Man-II (MAN2A1 gene). The expression of GnT-III was analyzed by flow cytometry in more than 300 clones that survived the puromycin-driven selection process. In most cases, we observed a fluorescence signal that was stronger than the background signal of untransfected CHO-K1 cells, which did not express the endogenous GnT-III[@cit0032] (Supplement Figure S1A). As a result, 66 clones were selected to assess the Man-II expression by quantitative real-time RT-PCR. The qPCR is highly specific for the human Man-II transgene, so we observed no background signal of the endogenous Man-II that is expressed in CHO-K1 cells (Supplement Figure S1B).

Based on the fluorescence activated cell sorting (FACS) and qPCR data, clones with a high expression level of both enzymes were selected for assessment of their potential to generate antibodies with a high proportion of a-fucosylated glycans. In a first experiment, the clones were transfected transiently with an expression plasmid for a humanized antibody (mAb1) and the a-fucosylation level was determined by RP-HPLC (Supplement Figure S2A). In a second experiment, six clones (clone 17, 51, 54, 64, 255 and 260) that had shown the highest a-fucosylation in transient transfection were tested as HCL for cell line development by stable transfection with a standard antibody (MAb2) plasmid. About 60 mAb2-expressing cell lines derived from each HCL were analyzed for a-fucosylation in batch culture. Overall, all clones showed only a moderate a-fucosylation level with an average of 21 to 31%, depending on the HCL (Table I and Supplement Figure S2B). A maximum of 44% a-fucose was measured for two clones derived from HCL 64. Overall, this was considered to be insufficient for an HCL to generate manufacturing cell lines for glycoengineered antibodies.

Thus, in the next step, four of the HCLs (clones 17, 51, 64 and 260; see [Fig. 3](#f0003){ref-type="fig"}) were stably transfected a second time with GnT-III and Man-II, to enhance the expression of both enzymes, and thereby to further increase their potential to generate a-fucosylated antibodies. Again, the HCL candidates were screened by FACS for GnT-III expression and by quantitative real-time RT-PCR for Man-II expression. Subsequently, 60 candidate clones were tested by transient transfection with a plasmid encoding antibody mAb2. The a-fucosylation ratio of the analyzed antibody samples was in a range of 20--56% ([Fig. 2A](#f0002){ref-type="fig"}). Compared to the first transfection of the HCLs (20--25%), the second stable transfection with GnT-III and Man-II considerably improved the level of a-fucosylation. Eight of these HCLs, producing antibodies with a high a-fucosylation level (41--56%) and showing an adequate growth behavior, were picked for further assessment. [Fig. 3](#f0003){ref-type="fig"} gives an overview of the development process and the lineage of the glycoengineered HCLs. Figure 2.Antibody a-fucosylation rate in host cell lines with GnT-III/Man-II double transfection. A: A-fucosylation level after transient transfection of glycoengineered host cell lines with mAb2 expression plasmid. Antibody was purified by protein A chromatography. The a-fucose ratio was determined by MALDI-TOF MS. The bars in grey represent the one-fold glycoengineered parental host cell lines. The corresponding HCLs that were glycoengineered a second time are depicted in black. CHO-K1 cells were used as control to determine the background of non-glycoengineered HCL (white bar). Clones selected for further evaluation are marked by asterisks. B: A-fucosylation level of mAb2 expressed in clones obtained by stable transfection of two-fold glycoengineered host cell lines. Clones derived from HCLs 17--483, 17--494 and 51--201 were cultivated in 6-well plates. Clones derived from HCLs 64--30, 64--6024, 64--6123, 260--501 and 260--1513 were cultivated in 24-well plates. Antibody was purified by protein A HPLC. The a-fucose ratio was quantified by MALDI-TOF MS. Figure 3.Overview of the development process and the lineage of the glycoengineered host cell lines. Glycoengineered HCLs were generated in a two-step strategy, starting with generating parental HCLs by stable transfection of wild-type CHO-K1 cells (highlighted by blue circle) with GnT-III and Man-II (highlighted by light orange circles). In a second step, parental HCLs were stably transfected a second time with GnT-III and Man-II (highlighted by orange circles). Generated glycoengineered CHO-K1 cell lines were subsequently used to establish stable cell lines (highlighted by green circle) for the expression of a-fucosylated mAbs. The numbers represent the clone naming as listed in [Table 1](#t0001){ref-type="table"}.

Assessment of host cell line candidates by stable transfection {#s0002-0002}
--------------------------------------------------------------

Eight two-fold glycoengineered HCLs were subjected to stable transfection with a mAb2 expression vector. After a methotrexate-driven selection process, a mean of 50 antibody-expressing cell lines derived from each HCL were expanded to 6- or 24-well plates to analyze the glycosylation by matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) ([Fig. 2B](#f0002){ref-type="fig"}, Table I). On average, the clones showed an a-fucosylation level between 26 and 44%, depending on the HCL, with a maximum of 63% obtained by a HCL 17-494-derived clone. Compared to the parental HCLs, the second glycoengineering step led to a significant, up to 2.1-fold increase of a-fucosylation observed with HCL-derived antibody-expressing cell lines.

Next, we performed additional glyco-structure analysis of the mAb2 expressed in the selected cell lines. The addressed elements of Fc-attached oligosaccharide included presence/absence of fucose and bisecting GlcNAc, high mannose, hybrid and complex type glycans. The comparative analysis of the glycopattern obtained by expression in pre-glycoengineered cell lines demonstrated, in general, comparable amounts of the glycosylation structures ([Fig. 4A](#f0004){ref-type="fig"}). As expected for co-expression with GnT-III and Man-II, the majority of the glycans (up to 67%) was represented by complex bisected sugar structures, whereas only small amounts of hybrid or non-bisected (WT) complex glycans were detected. However, we still observed differences in glycosylation pattern, which enabled further ranking of the HCLs. Clone 17--494 was selected as the first candidate for the glycoengineered HCL, generating mAb2 expression cell lines with a-fucose ratio up to 63%. Clone 51--201 demonstrated the second highest a-fucosylation degree, but had a notably enhanced high mannose ratio of 17%, on average, and was not considered further. Therefore, clone 64--30 was chosen as a second candidate for further assessment. Figure 4.Comparison of glycosylation pattern of antibodies produced in pre-glycoengineered host cell lines. A: Average glycan type distribution. Eight glyco-engineered host cell lines were stably transfected with mAb2 antibody genes. On average, antibody oligosaccharide structures from 49 clones per HCL were analyzed by MALDI-TOF MS and classified into high mannose, hybrid type, non-bisected complex (WT) or bisected complex type glycans. A-fuc, sum of a-fucosylated glycans. Error bars represent standard deviation according to the number of clones tested (as listed in [Table 1](#t0001){ref-type="table"}). B: Stable transfection of HCL 17--494 or 64--30 with mAb3, or co-transfection with mAb3, GnT-III and Man-II (G/M). Glycan composition of 21 to 24 clones per transfection was analyzed by MALDI-TOF MS to calculate the average distribution and a-fucosylation rate. Error bars represent standard deviation according to the number of clones tested (as listed in [Table 1](#t0001){ref-type="table"}).

For further examination, the HCL 17--494 and 64--30 were subjected to stable transfection with a different antibody, mAb3. In parallel, we performed a co-transfection of the respective HCLs with GnT-III and Man-II (in addition to mAb3) to evaluate if the a-fucosylation can be further enhanced by overexpression of the enzymes. After the selection procedure, 21 to 24 clones per transfection were expanded into shaken 6-well plates to perform a batch culture, followed by glycopattern analysis by MALDI-TOF MS.

As observed with mAb2, HCL 17--494-derived clones demonstrated a higher a-fucosylation ratio compared to HCL 64-30-derived clones ([Table 1](#t0001){ref-type="table"}, [Fig. 4B](#f0004){ref-type="fig"}). The co-transfection with GnT-III and Man-II led to only a slight increase of a-fucosylation for HCL 64-30. No increase could be observed for HCL 17-494, demonstrating that mere transfection with antibody plasmid is sufficient for production of antibodies with high a-fucose ratios. Analysis of the obtained glycostructures demonstrated that HCL 17-494-derived clones showed slightly higher percentage of high-mannose glycans than HCL 64--30 clones in the 6-well batch culture ([Fig. 4B](#f0004){ref-type="fig"}). The co-transfection with GnT-III and Man-II did not significantly influence glycopattern of the two tested cell lines. Table 1.A-fucosylation of antibody expression cell lines derived from stable transfection of glycoengineered host cell lines. The host cell lines were transfected with a standard plasmid used for development of expression cell lines for a human antibody (mAb2 or mAb3), or co-transfected with an antibody and a GnT-III/Man-II expression plasmid. The antibody plasmid also contained the DHFR gene, and methotrexate was added to the medium as selective agent. After about three weeks of clone selection, the plates were screened for antibody expression by ELISA. Antibody expressing clones were further expanded into shaken 24-well or 6-well plates to perform a batch culture with a defined cell count at start. The antibody was purified from the cell culture supernatant after 7 days by protein A HPLC. The proportion of a-fucosylated glycans was measured by RP-HPLC or MALDI-TOF MS.Host Cell LineAntibody expression cell linesA-fucosylated glycans \[%\] CloneGnT-III/Man-II transfectionsNumber of cell linesTransfectionCulture formatDetection methodAverageMinimumMaximumRelated Figure17161mAb26-wellRP-HPLC211429Figure S2.B51165mAb26-wellRP-HPLC21123354178mAb224-wellMALDI25114064154mAb224-wellMALDI312044255153mAb224-wellMALDI251439260159mAb26-wellRP-HPLC21113117--483269mAb26-wellMALDI392752[Fig. 4A](#f0004){ref-type="fig"}17--494273mAb26-wellMALDI44296351--201280mAb26-wellMALDI43296164--30240mAb26-wellMALDI40305264--6024253mAb26-wellMALDI35254364--6123224mAb26-wellMALDI411853260--501244mAb26-wellMALDI262138260--1513212mAb26-wellMALDI39295417--494224mAb36-wellMALDI493561[Fig. 4B](#f0004){ref-type="fig"}[Fig. 7C](#f0007){ref-type="fig"}17--494223mAb3 + GnT-III/Man-II6-wellMALDI48326764--30224mAb36-wellMALDI43275364--30221mAb3 + GnT-III/Man-II6-wellMALDI463758

Characterization of glycoengineered host cell lines {#s0002-0003}
---------------------------------------------------

Next, we assessed the stability of GnT-III and Man-II expression in the two candidates for glycoengineered HCL, clone 17--494 and clone 64--30. The HCLs were therefore permanently cultivated for \>160 days to reflect the time period for cell line development from transfection to fermentation. Over this period, viable cells were cryo-preserved periodically and, finally, thawed and recultivated in parallel to analyze expression stability of the respective enzymes. We performed intracellular flow cytometry to assess the expression level of both enzymes, and qPCR to determine the copy numbers of the GnT-III and Man-II transgenes in the genome over the respective period of time ([Fig. 5](#f0005){ref-type="fig"}). Figure 5.Characterization of transgene stability. A: GnT-III expression for each HCL was determined by flow cytometry after intracellular staining. Each time point was measured in triplicates. Relative GEO Mean: Geometric mean fluorescence intensity normalized to 100% at day zero. B: Man-II expression assessment by flow cytometry as described for GnT-III (A). C: Copy number determination at day zero and after 180 days (HCL 17--494) or 134 days (HCL 60--30) by qPCR. Error bars represent standard deviation.

The flow cytometry analysis of the HCL 17--494 demonstrated a slight decrease of protein expression from 100% to 86% after 50 days of cultivation and remained at that level for 130 more days for GnT-III, whereas expression of Man-II dropped to 68%, compared to the initial level during similar period of time. The HCL 64--30 demonstrated less stable expression of both enzymes with a decrease in expression level to 67% for GnT-III and to 58% for Man-II after 162 days in culture.

For HCL 17--494, we observed nearly double the number of copies of GnT-III (19 per cell) compared to Man-II (10 per cell), which remained mostly unaffected after 180 days. The HCL 64--30 appeared to carry comparable numbers for both enzymes, with 10 and 8 copies per cell for GnT-III and Man-II, respectively. These numbers decreased by half after 134 days.

The obtained results, along with a fast and robust growth behavior and an easy transfection procedure, make HCL 17--494 a suitable candidate for a pre-glycoengineered HCL.

FcγRIII-HPLC for high throughput clone screening {#s0002-0004}
------------------------------------------------

FcγRIIIa affinity chromatography is a novel tool enabling separation of antibodies by their a-fucose content. MALDI-TOF MS analysis, applied here, quantifies the absolute percentage of isolated N-glycans that are not fucosylated, and does not discriminate between mono- and bi-a-fucosylated antibody samples. The application of FcγRIIIa affinity chromatography enables the determination of the relative biologic activity (RBA) of an antibody pool, as this method allows assessment of total percentage of the antibody species with improved effector functions.

Here, we compared analysis of the a-fucose levels of mAb2 samples from stable transfection in three pre-glycoengineered HCLs by the FcγRIIIa(V158) affinity column, to the percentage of a-fucosylation determined by MALDI TOF MS.

The comparative analysis of the a-fucose ratio of the 222 mAb2 samples revealed a high correlation of the results obtained by the two methods ([Fig. 6](#f0006){ref-type="fig"}). The percentage of a-fucosylated antibodies determined by FcγRIIIa chromatography, which reflects the RBA of the antibody pool, is higher than one measured by MS, as it comprises both mono- and bi-a-fucosylated immunoglobulins. On average, an a-fucosylation rate of greater than 60% measured by MS corresponds to a relative biological activity of greater than 90% (as achieved with HCL 17--494 for two different antibodies). These results demonstrated that FcγRIIIa affinity chromatography is a fast and efficient method for cell line development that enables the detection of clones with high a-fucose levels in a high throughput manner. Figure 6.Comparison of MALDI TOF MS and FcγRIIIa chromatography as two different methods to analyze the a-fucosylation degree of antibodies. Batch culture samples from 69 mAb2 expressing clones derived from HCL 17--483, 73 samples from HCL 17--494 and 80 samples from HCL 51--201 were analyzed by MALDI-TOF MS to determine the percentage of a-fucosylated glycans (A-fuc). In parallel, the relative biological activity (RBA) was measured by FcγRIIIa affinity chromatography. Linear regression analysis was performed excluding two outliers (triangles).

Media and process dictates the level of desired a-fucosylated glycan types {#s0002-0005}
--------------------------------------------------------------------------

Media composition and process parameters have been shown to influence the structure of generic N-glycans expressed in mammalian cell cultures.[@cit0027] Particularly, the effect of trace elements, like manganese, on N-glycosylation site-occupancy and glycan structure of recombinant glycoproteins expressed in CHO cells has been previously described.[@cit0033] Copper is another important cofactor used in CHO cultivations used for modulation of amidation levels of the carboxyl terminal of immunoglobulins.[@cit0035] Therefore, we employed FcγRIIIa affinity chromatography to address the influence of essential medium trace elements manganese and copper on the level of mAb3 a-fucosylation for established glyK1M CHO cell lines. We used three different glycoengineered clones (clone 1, clone 2 and clone 3), all expressing mAb3 in a protein-free and chemically-defined cultivation medium A (CDM-A) background for a subsequent concentration screen of the metals in a production-like fed-batch experiment ([Fig. 7a](#f0007){ref-type="fig"}). Interestingly, high levels of manganese showed the largest, and a consistent and clone-independent, positive effect for the formation of a-fucosylated glycan species for all three clones (up to 1.5 to 1.7-fold increase of a-fucosylated species) ([Fig. 7B](#f0007){ref-type="fig"}, Supplement Figure S3). No differences in the RBA analysis were detected for the tested copper concentrations. Since manganese has the highest impact on the a-fucose level for mAb3, we tested in a following batch cultivation experiment six recombinant glyK1M clones expressing the same mAb3, but originating from different HCLs 17--494 and 64--30 to analyze the general relevance ([Fig. 7C](#f0007){ref-type="fig"}). By that, all tested clones showed a significant increase in IgG a-fucosylation measured by FcγRIIIa affinity chromatography (10--51% increase). In-depth MS analytics of the respective glycan species generated with manganese supplementation revealed a specific increase of primarily complex-type (3-fold increase), but also a-fucosylated hybrid N-glycans (2-fold increase) and no impact on high mannose species ([Fig. 7D](#f0007){ref-type="fig"}). Figure 7.Influence of medium trace elements on a-fucosylation degree of antibodies. Different concentrations for manganese, copper, and iron in a chemically-defined medium A (CDM-A) were used for cultivation experiments with preglycoengineerd CHO cells all expressing the same mAb3 (A). The relative biological activity (RBA, measured by FcγRIIIa chromatography) for mAb3 produced with clone 1 in a 14-day fed-batch cultivation with CDM-A variants A1 to A8 is shown in (B). Six mAb3 expressing clones, clone 1, clone 2, clone 3 - HCL 17--494 based, clone 4, clone 5, clone 6 - HCL 64--30 (as listed in [Table 2](#t0002){ref-type="table"}) based were cultivated in a seven day batch process with low (A1) and high (A2) manganese levels. The RBA is shown in (C). The different glycan species of mAb3 produced with clone 1 in a 14-day fed-batch cultivation with CDM-A variants A1 to A8 are shown in (D).

Next, we aimed to identify optimized process parameters for increased a-fucosylated IgG production by testing the influence of two different media backgrounds, medium osmolality, and cultivation temperature in combination with different levels of manganese ([Fig. 8A](#f0008){ref-type="fig"}). For that, clones 1, 2 and 3, all expressing the same mAb3 used in the previous experiment, were cultivated as fed-batch cultures in shaker flasks in two chemically defined medium variants (CDM-A and CDM-B). For clone 1 and clone 2, CDM-B caused a 2- to 3-fold increase in IgG levels compared to CDM-A background ([Fig. 8B](#f0008){ref-type="fig"}). In general, the a-fucosylation ratio did not correlate with the antibody titer. Supplementation with manganese had no influence on the final titer of the fed-batch assays, although the same high levels of manganese in CDM-A and CDM-B led to comparable abundance of cumulative a-fucosylated glycans ([Fig. 8C](#f0008){ref-type="fig"}). As shown above, the addition of manganese leads to a strong increase of a-fucosylated complex- and hybrid-type glycans, and it has no influence on the amount of high mannose type glycans ([Fig. 8D-F](#f0008){ref-type="fig"}). Slightly higher levels of a-fucosylated complex-type glycans were found for clone 1 and clone 3 produced with CDM-B. The effect seems to be specific for glycoengineered recombinant CHO cell lines since addition of manganese to the culture medium of recombinant wild-type CHO cell lines, clone 7 and clone 8, expressing mAb4 and mAb5, respectively, has no effect on the level of a-fucosylated glycan species (figure S4). Figure 8.Influence of medium and process parameters on titer and different a-fucosylated glycan classes. A: Three mAb3 expressing clones (clone 1 to 3) were cultivated in a fed-batch process using different basal media, manganese concentrations, base media osmolality levels, and cultivation temperature. For selected tested cultivation and medium conditions the titer (B), the sum of a-fucosylated IgGs (C), sum of complex a-fucosylated IgGs (D), sum of hybrid a-fucosylated IgGs (E), and sum of high mannose IgGs (F) were analyzed. The sum of complex, hybrid and mannose species was quantified by an appropriate MS method.

Both media variants differ in their osmolality of the basal medium: CDM-A has a lower osmolality than CDM-B. Therefore, we tested the relevance of osmolality on titer and glycan species formation using the CDM-A matrix. Except for clone 3 the medium osmolality has no effect on the titer level. Yet, all three clones showed an increased amount of high mannose and a tendency toward less a-fucosylated complex-type glycan species in manganese-supplemented cultures ([Fig. 8D](#f0008){ref-type="fig"}, [F](#f0008){ref-type="fig"}).

An additional temperature shift to 35°C during cultivation in CDM-B background, had no clear effect on overall product titer in the tested set-up. All three clones showed a clear sensitivity for a temperature shift in glycan formation, which leads to higher mannose and less a-fucosylated complex- and hybrid-type glycan compared to a culture without changing temperature ([Fig. 8D-F](#f0008){ref-type="fig"}).

Recently, it was shown that glycan species profile of an expressed generic mAb by CHO cells can change during fed-batch production processes.[@cit0036] The dynamic of glycan profile for pre-glycoengineered CHO cells has not been reported so far. Therefore, we used clone 5, originating from 2x glycoengineered HCL 64--30 ([Table 2](#t0002){ref-type="table"}), with identified high RBA levels for mAb3 and a CDM-B-based 2 L production-like small-scale model to elucidate the glycan species dynamic throughout a 14-day fed-batch process. As reported previously by Reusch et al., the galactosylated glycan species of mAb3 decreased and was even extinct until day 14 of the production process ([Fig. 9B](#f0009){ref-type="fig"}).[@cit0036] On the other hand, the sum of a-fucosylated glycans, as well as high mannose, complex- and hybrid-type species, remained equal throughout the process ([Fig. 9a](#f0009){ref-type="fig"}). Also, the sum of glycan species with bisecting GlcNAc, catalyzed with heterologous expressed GnT-III, did not change over the process ([Fig. 9B](#f0009){ref-type="fig"}). Table 2.Origin of recombinant clones used for cultivation experiments. The recombinant clones expressing a human antibody (mAb3, mAb4 or mAb5) were generated using either the wild-type CHO-K1 host cell line or glycoengineered host cell lines 17--494 or 64--30.CloneHost Cell LineGnT-III/Man-II transfectionsTransfectionRelated FigureClone 117--4942mAb3[Fig. 7](#f0007){ref-type="fig"}[Fig. 8](#f0008){ref-type="fig"}[Fig. 9](#f0009){ref-type="fig"}Clone 217--4942mAb3 + GnT-III/Man-IIClone 317--4942mAb3 + GnT-III/Man-IIClone 464--302mAb3Clone 564--302mAb3 + GnT-III/Man-IIClone 664--302mAb3 + GnT-III/Man-IIClone 7CHO-K1---mAb4Figure S4Clone 8CHO-K1---mAb5 Figure 9.Dynamic of glycan species profile during a fed-batch process. A mAb3 expressing clone 5 was cultivated in a 14-day fed-batch process using media CDM-B and respective feeds. A: The glycan species abundance at different process timepoints, measured by RP-HPLC, is shown for sum of a-fucosylated (A-fuc) IgGs, sum of high mannose IgGs, sum of a-fucosylated complex-type IgGs, and sum of a-fucosylated hybrid-type IgG. B: The abundance of galactosylated IgGs and sum of GlcNAc-bisecting glycan species is shown.

Discussion {#s0003}
==========

The composition of the Fc-attached glycan is known to be important for therapeutic antibodies to elicit their effector functions.[@cit0009] The absence of core fucose plays the most important role in the design of antibodies engineered to have enhanced ADCC activity. Antibodies lacking core fucose residues have an up to 50-fold higher affinity to FcγRIIIa and FcγRIIIb, which leads to an increased ADCC.[@cit0003] Therefore, numerous techniques and methods have been developed to achieve production of antibody therapeutics with low fucosylation levels. All of the existing strategies are aimed to block one of the fucosylation relevant enzymes.[@cit0015] However, a FUT8-knockout cell line with moderate productivity is currently the only stable HCL for production of completely a-fucosylated antibodies.[@cit0019]

In this work, we generated a pre-glycoengineered HCL, stably expressing GnT-III and Man-II, which delivers high titers of antibody products with an a-fucose content of more than 60%, as demonstrated for at least two different mAbs. To achieve this goal, it was necessary to stably transfect the CHO-K1 cells two times with both glycosylation enzymes. Pre-glycoengineered HCLs from the first round already showed a high percentage of a-fucosylation in transient transfection with an antibody plasmid. But this could not be attained with antibody-expressing clones derived from stable transfection of these HCLs. Thus, the HCLs had to be transfected a second time with GnT-III and Man-II to further increase their potential for a-fucosylated antibodies. A-fucose maxima of up to 67% were now observed with the best two HCLs, confirming the improving effect of the second transfection of the HCLs with GnT-III and Man-II. The a-fucosylation could not be further increased by overexpression of the two enzymes: A cotransfection of the (2-fold glycoengineered) HCLs with antibody plus additional GnT-III/ManII had no or only marginal effect on the a-fucose level. A possible limit might rather depend on the cultivation parameters of the cell lines, like medium composition or culture conditions, than on lack of the two enzymes.

The expression of large amounts of antibodies with high mannose glycans was reported to be critical for the Fc-mediated effector functions and the half-life of the given antibody.[@cit0008] In addition, efficient performance of GnT-III and Man-II is characterized by the absence of the high mannose sugar structure and by the shift to expression of bi-sected, a-fucosylated, complex sugar type antibodies.[@cit0013] To assess this, we performed a more detailed analysis of the glycopattern of antibody samples by mass spectrometry. The glyco-analysis revealed that the majority of the Fc-attached glycans of the obtained IgGs was of complex bisected type, as is characteristic for the efficient performance of the GnT-III and Man-II.[@cit0013]

The subsequently performed copy number determination demonstrated nearly no loss of both transgenes in HCL 17--494 over 180 days. However, unstable expression can be caused by copy loss, but also by epigenetic transgene silencing.[@cit0044] In fact, we determined a slight decrease of GnT-III expression (from 100% to 83%) by flow cytometry, whereas expression of Man-II dropped to 68% over 180 days. Currently, we cannot rule out that this moderate decrease of GnT-III/Man-II expression can have a negative influence on a-fucosylation during the development process of an antibody production cell line. Thus, although a co-transfection of HCL 17--494 with antibody plus GnT-III/Man-II showed no additional effect on a-fucosylation in our experiments, it might be helpful to avoid glycan pattern changes and reduction of antibody effector function over the process time.

Taken together, the generated HCL 17--494, was characterized by robust delivery of high antibody yields with low fucose levels. Moreover, this glycoengineered HCL has morphological properties, growth behavior and expression yields similar to those of the parental CHO-K1 cell line. Hence, the expression of therapeutic proteins can be carried out on an already established platform to generate manufacturing cell lines for non-glycoengineered antibodies.

We also demonstrated application of FcγRIIIa affinity chromatography, which is a novel method for the assessment of a-fucosylation of an antibody pool. The FcγRIIIa affinity chromatography was employed here in a comparative to MS-analysis manner. Our results showed a high correlation of the two methods, and proved that this technique can be used in the development process as a fast and efficient tool for ranking of cell lines producing a-fucosylated antibodies. This enables high-throughput screening of hundreds of clones at an early timepoint during the cell line development process. Thus, in combination with productivity screening, it simplifies and accelerates the identification of manufacturing cell lines producing antibodies with high effector function.

Next, we employed the FcγRIIIa affinity chromatography to assess a-fucose ratio of the antibodies produced in the same HCL under various medium conditions. The results revealed a clear impact of the applied medium on the percentage of the a-fucosylated antibodies. This finding indicates that modulation of cultivation conditions, such as temperature, osmolality, composition of medium per se, and addition of different ions/additives, might further increase the a-fucose levels of the antibodies produced by glycoengineered HCL, although this requires further study. Such changes in culture conditions might not only affect the a-fucose ratio, but also the overall glycan composition. Thus, FcγRIIIa affinity chromatography cannot replace the detailed glycan pattern analysis by MS or RP-HPLC that allow the detection of all oligosaccharide structures and their classification into different glycan types.

The mammalian N-glycosylation pathway is a highly spatial and temporal regulated post-translational modification machinery, and even minor variations of, for example, cultivationconditions may have a significant impact on the final glycan structure.[@cit0027] Trace elements, like manganese, have been discussed as glycan modulators of recombinant glycoproteins expressed in CHO cells before.[@cit0033] In our cultivation experiments we have observed a positive effect of manganese supplementation to increase the level of a-fucosylated glycan species. Almost all N-glycosylation relevant enzymes are metalloenzymes and require manganese for full activity. The substantial impact of manganese supplementation for the production of bisecting a-fucosylated mAbs, may be due to the manganese-dependency of the GnT-III enzyme.[@cit0025] On the other hand, the analysis of glycan dynamics during a 14-day fed-batch process suggested that, compared to galactosylated glycan species, the process time has no effect on the a-fucosylated N-glycan profile. Yet, more studies are needed to identify the rate-limiting enzymatic step that utilizes manganese in the generation of a-fucosylated mAbs.

In general, high levels of high mannose should be avoided due to a greater risk for altering the antibody effector function and faster clearance *in vivo*.[@cit0048] A previous study has shown the influence of cell culture medium osmolality and the level of high mannose glycan species.[@cit0050] In line with the former study, we observed a clear trend to more high mannose and less a-fucosylated complex-type glycans by using a high osmolality version of medium CDM-A. This observation suggests cultivation media with low osmolality should be used for the production of antibodies with the favored a-fucosylated complex type glycans from pre-glycoengineered CHO HCLs.

In summary, the development of a pre-glycoengineered HCL as presented here is an efficient and reliable strategy for the production of antibodies with high ratios of a-fucosylated Fc-attached N-glycans. The innovative FcγRIIIa affinity chromatography method can be applied for the high content and throughput assessment of a-fucosylation levels of mAbs, especially clone screening and development. Finally, we have shown that manganese is a key media component vital for the production of a-fucosylated mAbs from our novel pre-glycoengineered CHO HCLs.

Material and methods {#s0004}
====================

Glycoengineering of CHO-K1 cells {#s0004-0001}
--------------------------------

### Construction of GnT-III/Man-II expression vectors {#s0004-0001-0001}

The rat GnT-III gene was amplified by polymerase chain reaction (PCR) from a rat kidney cDNA library (BD Biosciences). The gene coding for Man-II was amplified from human DNA using gene specific primers. Both genes were combined with chimeric MPSV promoter and subcloned into expression vector. The vector was derived from pUC18 (Thermo Fisher Scientific) by inserting either the puromycin resistance gene or hygromycin resistance gene and the scaffold-attachment region (SAR) for enhanced expression.

### Stable transfection {#s0004-0001-0002}

CHO-K1 cells were transfected by nucleofection (Amaxa) with the GnT-III/Man-II expression vector containing puromycin resistance gene as a selection marker. Starting two days after transfection, the cells were cultivated in chemically defined medium with 9 µg/ml puromycin to generate puromycin-resistant, glycoengineered HCLs. Glycoengineered HCLs were transfected a second time with the GnT-III/Man-II expression vector containing hygromycin resistance gene. The cells were cultivated in chemically defined medium with 9 µg/ml puromycin and 600 µg/ml hygromycin B. Clones were expanded from 384-well plate to shaker flask format. Single cell cloning was performed by automated limiting dilution into 384-well plates. For cryopreservation, selected clones were frozen with 1 × 10^7^ cell/ml in chemically defined medium containing 7.5% dimethyl sulfoxide. Monoclonal clones expressing mAb3 were generated using either HCL 17--494 for clone 1, clone 2, clone 3 or HCL 64--30 for clone 4, clone 5, and clone 6. Two non-glycoengineered recombinant CHO-K1 clones, clone 7 and clone 8, expressing mAb4 (IgG1) and mAb5 (IgG4), respectively, were used for testing the effect of manganese addition to proprietary medium CDM-A on a-fucosylated glycan levels.

### Cell cultivation {#s0004-0001-0003}

Recombinant glycoengineered CHO-K1 clones stably expressing mAbs were grown in shake flasks and a 2 L small-scale bioreactor (Sartorius Stedim) system using standard eukaryotic cultivation conditions. Batch and fed-batch experiments were performed using proprietary media CDM-A or CDM-B and respective feeds. Cells can also be cultivated in CD-CHO medium (Thermo Fisher Scientific). Product titers were quantified by a PorosA HPLC method as described previously.[@cit0051]

Flow cytometry {#s0004-0002}
--------------

Relative rat GnT-III expression of cells was evaluated by flow cytometry using rabbit anti-GnT-III serum, derived from an in-house immunization campaign. For intracellular staining, cells were washed, fixed with 4% paraformaldehyde (Sigma-Aldrich), permeabilized using 1% saponin (Sigma-Aldrich) in phosphate-buffered saline (PBS), and then incubated with rabbit anti-GnT-III serum for 30 min at 4°C. Cells were rinsed with PBS and incubated for 30 min at 4°C with an FITC-conjugated goat-anti-rabbit antibody (Sigma-Aldrich, F6005), washed three times and resuspended in PBS for flow cytometry analysis.

For analyzing the expression stability of GnT-III and Man-II, living cells were fixed and permeabilized using BD Cytofix/Cytoperm kit (BD Bioscience) and then incubated for 30 min at 4°C with sheep anti-GnT-III, or sheep anti-Man-II serum (both derived from in-house immunization campaigns), respectively. Cells were washed and incubated for 30 min at 4°C with Alexa Fluor 488 Donkey Anti-Sheep IgG (H+L) (Molecular Probes, A11015), washed and resuspended in PBS with 2% Ultra Low IgG FCS (Gibco) for flow cytometer analysis.

Quantitative real-time RT-PCR {#s0004-0003}
-----------------------------

The relative amount of Man-II mRNA was determined by quantitative, real-time, one-step RT-PCR using FastLane Cell RT-PCR Kit (Qiagen) with a LightCycler 480 (Roche) and Man-II specific primers as follows: GAB5625 (5′-GTCGTTATGGGAATGAGGCACCACAAAG-3′) and GAB1084 (5′-CTCACAATTATCCCTCTCAGTTGACACTGC-3′). After initial incubations at 50°C for 20 min and 95°C for 10 min, 40 cycles of amplification were carried out for 15 s at 95°C, followed by 30 s at 56°C. The amplification product was normalized to that of human GAPDH.

Transgene copy number determination {#s0004-0004}
-----------------------------------

The copy number of the transgenes GnT-III or Man-II were determined by quantitative real-time PCR as described previously,[@cit0046] using primers as follows: GnT-III forward primer 158 (5′- TGAACACATGTATGCTCCTAAG-3′), reverse primer 159 (5′-AGGTCCTCTTCAGAGATCAG-3′), probe 165 (5′-\[FAM\]-AAATCCCTACCGGGAGCCCAAGAG-\[BHQ1\]-3′); Man-II forward primer 162 (5′- GCCTTGAGCAAGGTATCCAG-3′), reverse primer 163 (5′-GCAGCTCAAGGGTAGGTGAG-3′), probe 167 (5′-\[Cy5\]-TCGGTCAGTTATCCTTCTCTCCTTAGCC-\[BHQ3\]-3′). Genomic DNA and standards were tested in quadruplicates.

Transient and stable transfection with antibody plasmid {#s0004-0005}
-------------------------------------------------------

Glycoengineered HCLs were transfected by nucleofection with a plasmid containing a human IgG heavy chain, a human IgG light chain and a murine dihydrofolate reductase (DHFR) expression cassette. For transient expression of the antibody, the transfected cells were cultivated in chemically defined medium in shaken 6-well plates. Supernatant was harvested seven days after transfection for further analysis.

For generating stably transfected antibody expressing cell lines, the HCLs were cultivated in chemically defined medium containing 5 µg/ml puromycin and 300 µg/ml hygromycin B for transfection. Two days after transfection, 350 to 600 nM methotrexate was added to the medium as selective agent. After three weeks, stably transfected clones were further expanded in medium with 5 µg/ml puromycin, 300 µg/ml hygromycin B and 250 nM methotrexate. Final recombinant candidate clones were further processed by limited dilution to ensure clonality. For antibody analysis, the clones were cultivated for one week in shaken 6-well or 24-well plates.

Glycan analysis {#s0004-0006}
---------------

### MALDI-TOF MS analysis of carbohydrate composition {#s0004-0006-0001}

#### Generation of Fc fragments from human IgG {#s0004-0006-0001-0001}

To generate Fc-fragments, the antibodies were incubated for 72 hours at 25°C in 50 mM Tris pH 8.0, 150 mM NaCl with 0.42 U plasmin (Roche, Switzerland) per mg. Fc fragments were subsequently isolated by Protein A beads, GE Healthcare) washed with 50 mM Tris pH 8.0, 100 mM glycine, 150 mM NaCl). Elution was carried out with 50 mM Tris pH 3.0, 100 mM glycine, 150 mM NaCl. The eluate was neutralized by adding 1:40 v/v 2 M Tris pH 8.0 and loaded on a SEC column Superdex S200 10/300 GL (GE Healthcare). Samples were concentrated with the exchange of buffer to 20 mM Tris pH 8.0 (Amicon, Millipore).

#### Cleavage of N-linked oligosaccharides from human Fc {#s0004-0006-0001-0002}

The N-linked oligosaccharides were cleaved from 1 mg of Fc-fragments by incubation with 0.005U of PNGase F (QA-Bio, E-PNG01). Additionally, carbohydrates were cleaved by Endo S (Genovis, IgGZERO), applied in a molar ratio 1:20, and combined with 0.1 U/mg Endo H (QA-Bio, E-EH02). All reactions were carried out in 20 mM Tris pH 8.0 at 37°C for 16 hours.

#### Cleavage of N-linked oligosaccharides from a full size human IgG {#s0004-0006-0001-0003}

To cleave carbohydrates from full-length human IgG, the samples were transferred in 20 mM Tris pH 8.0 (Amicon 5.000 MWCO, Millipore) and incubated with Endo S in a molar ratio of 1:7 combined with 0.1 U/mg Endo H at 37°C for 16 hours.

#### Carboxypeptidase B treatment {#s0004-0006-0001-0004}

To remove heterogeneity caused by C-terminal lysine, samples were further treated with Carboxypeptidase B (Roche, 03358682103; 1 mg/ml). Subsequently, 1 µl Carboxypeptidase B per 50 µg protein was added to the Endoglycosidase reaction and incubated again for 1 hour at 37°C. After digestion, the samples were purified by Protein A (POROS A, Applied Biosystems) and neutralized with 1:40 v/v 2M Tris pH 8.0.

#### MALDI-TOF analysis {#s0004-0006-0001-0005}

Neutral oligosaccharide profiles for the human IgGs were analyzed by mass spectrometry (Autoflex, Bruker Daltonics GmbH) in positive ion mode as described previously.[@cit0052]

### Reversed phase chromatography {#s0004-0006-0002}

The content of a-fucosylated N-glycans was determined by glycan release with PNGaseF, followed by derivatization with 2-aminobenzamidine and separation by reversed-phase ultra-performance liquid chromatography (UPLC). 200 µg of protein sample were buffer-exchanged in 20 mM ammonium bicarbonate pH 7.8 at a final volume of 48 µL, before 2 µL of PNGase F (New England Biolabs, P0705L; 500000 U/mL) were added and the reaction mixture was incubated at 45°C for 1 hour. Released glycans were collected in the flow-through by ultracentrifugation in a NanoSep centrifugal device with 10 kD cutoff (Pall Life Sciences). 5 µL of 200 mM acetic acid were added and the mixture was incubated at 45°C for 15 minutes. 2-AB labeling of the released glycans was performed with the GlycoProfile 2-AB labeling kit (Sigma) according to the manufacturer\'s instructions. Post-labeling cleanup was performed on HyperSep-96 diol cartridges (Thermo Scientific) according to the manufacturer\'s instructions. Labeled glycans (approximately 130 pmol) were applied on an Acquity HSS T3 column (2.1 × 150 mm, 1.8 µm bead size) (Thermo Scientific), pre-equilibrated with buffer A (0.1% aqueous formic acid) at a flow rate of 0.3 mL/min at 80°C and separated by a linear gradient of 3% to 8.5% buffer B (0.1% formic acid in acetonitrile) over 8 minutes. Glycans were detected by 2-AB fluorescence with an excitation and emission wavelength of 362 and 422 nm, respectively. This method separates non-fucosylated glycans (retention time between 4.1 and 6.4 minutes) from fucosylated glycans (retention time between 6.4 and 7.1 minutes).

Quantification of relative biological activity by FcγRIIIa affinity chromatography {#s0004-0007}
----------------------------------------------------------------------------------

Biotinylated human FcγRIIIa_V158 was incubated with streptavidin sepharose for 2 hours at mild shaking. The receptor derivatized sepharose was packed in a 1 ml XK column, (GE Healthcare). Subsequently, the affinity column was equilibrated with 20 mM sodium citrate, 150 mM NaCl pH 6.0 at flow rate of 0.5 ml/min using a Dionex Summit system. The antibody samples containing 30 to 50 µg in equilibration buffer were loaded onto the column, washed with 2.5 column volumes (CV) of equilibration buffer and eluted with a linear pH gradient of 30 CV with 20 mM Citrate, 150 mM NaCl pH 3.0. The experiments were carried out at room temperature. The elution profile was obtained by continuous measurement of the absorbance at 280 nm. The under curve areas of both peaks were determined by integration and the percentage of the eluted peaks over the total area were recorded.
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